We consider the matter effects on neutrinos moving in background on the basis of the corresponding quantum wave equations. Both Dirac and Majorana neutrino cases are discussed. The effects for Dirac neutrino reflection and trapping as well as neutrino-antineutrino annihilation and νν pair creation in matter at the interface between two media with different densities are considered. The spin light of neutrino in matter is also discussed.
Introduction
In the present paper we discuss a recently developed quantum approach to description of the various processes involving neutrino in matter. In Section 2 we consider the both Dirac and Majorana neutrinos and derive the correspondent wave equations. The obtained energy spectrum for the Dirac neutrino enables us to consider the effects of neutrino reflection and trapping, as well as neutrino-antineutrino annihilation and νν pair creation in matter at the interface between two media with different densities. It also reproduces the expressions for the flavour [1] and spin-flavour [2, 3] oscillation probabilities in matter. The quantum theory of the spin light of neutrino in matter is presented in Section 3. In Section 4 we summarize the main results obtained.
Neutrino energy in matter
In the series of our papers [4] we elaborated the quasi-classical theory of neutrino interaction with matter. In particular, the generalized Bargmann-Michel-Telegdi equation, which was used for description of the neutrino spin evolution with account of matter influence, was proposed. In the framework of this approach, we predicted the existence of a new mechanism of electromagnetic radiation of a neutrino moving in matter, which we termed "spin light of neutrino". However, it is clear, that the quasi-classical approach to the description of this phenomenon is far not complete, because the discussed phenomenon has a quantum nature. Therefore, it is important to elaborate the quantum approach to the description of the matter effect on neutrinos.
Dirac neutrino
To develop the quantum treatment of the matter effect on neutrino we propose a modified Dirac equation for the neutrino wave function in matter. Consider the case of matter composed of electrons, neutrons and protons and assume that the interaction of a neutrino with matter is governed by the Standard Model supplied with the right-handed singlet neutrino. We also assume at first that the neutrino is of Dirac nature. The case of the Majorana neutrino will also be considered in Section 2.2. The corresponding additional term in the neutrino effective Lagrangian, coming from neutrino interactions with background via charged and neutral currents, takes the form
where
Here I 
and
θ W is the Weinberg angle, n f , v f and ζ f (0 |ζ f | 2 1) denote, respectively, the number density of the background fermions f , the speed of the reference frame in which the mean momentum of the fermions f is zero, and the mean value of the polarization vector of the background fermions f in the above mentioned reference frame. A detailed discussion on the determination of these quantities can be found in [4] . The additional term (1) leads to the modified Dirac equation for the neutrino wave function in matter
This equation with various modifications was previously used in [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] while studying of the neutrino dispersion relation and oscillation probabilities in matter as well as for discussion of neutrino mass generation. For some important cases equation (5) can be solved exactly. Let us find its solutions in the simplest case of electron neutrino moving in unpolarized matter, ζ = 0, composed of electrons. We first rewrite the equation in the Hamiltonian form
and the effective potential of neutrino interaction is given bŷ
The Hamiltonian (7) commutes with the operators of the momentump and the longitudinal polarizationΣp/p, thus we can write:
where s = ±1 is the neutrino helicity, which is determined by the equation:
Under the assumption that equation (5) has a non-trivial solution, we arrive at the expression for the neutrino energy in matter in the form:
The quantity ε = ±1 splits the solutions into the two branches that in the limit of the vanishing matter density, α → 0, reproduce the positive-and negative-frequency solutions, respectively. An important feature here is that the neutrino energy in matter depends on the neutrino helicity state. Therefore in the relativistic case the left-handed and the right-handed neutrinos with equal momenta have different energies. In the general case of matter composed of electrons, neutrons and protons, the matter density parameter α for different neutrinos is
where ̺ = 1 for the electron neutrino, ν e and ̺ = −1 for the muon and tau neutrinos. Using the standard procedure known from many text-books on quantum mechanics, we finally arrive at the neutrino wave function in matter:
where δ = arctan p 2 /p 1 . Let us focus upon the consideration of the energy spectrum (11) in some detail. As usual, we treat the value of the energy spectrum (11), corresponding to ε = −1, as the antineutrino energy. Thus, for the fixed momentum p we have four different energy values, that correspond to four possible combinations of s and ε values
The first pair is for the neutrino quantum states of positive and negative chiralities and the second one is for the antineutrino quantum states. The analysis of the obtained energy spectrum (15), (16) enables us to predict some interesting phenomena that may appear at the interface of two media with different densities and, in particular, on the motion of the neutrino at the interface between matter and vacuum. Indeed, as it follows from (15) and (16), the band-gap for neutrino and antineutrino in matter is displaced with respect to the vacuum case in neutrino mass and is determined by the condition αm − m ≤ E < αm + m. For instance, let the case when there is no bandgap overlapping be realized (this is possible for α > 2). This situation is illustrated on Fig.1 . Here we have several possibilities. First, consider a neutrino moving in the vacuum towards the interface with energy that falls into the band-gap region in matter. In this case the neutrino has no chance to survive in the matter and thus will be reflected. The same situation will occur for the antineutrino, moving in the matter with energy falling into the band-gap in the vacuum. In this case, there will be effect of antineutrino trapping by matter. The second possibility is realized when the energy of neutrino in the vacuum or antineutrino in the medium falls into the region between the two band-gaps. In this case the effects of the neutrino-antineutrino annihilation or pair creation may occur. 
Majorana neutrino
We have considered so far the case of the Dirac neutrino. Now we discuss the case of the Majorana neutrino. For the Majorana neutrino, we derive the following contribution to the effective Lagrangian accounting for the interaction with the background medium
which leads to the Dirac equation
This equation differs from the one obtained in the Dirac case by doubling of the interaction term and lack of the vector part. The corresponding energy spectrum for the equation (18) follows straightforwardly:
From this expression it is clear that the energy of the Majorana neutrino has its minimal value equal to the neutrino mass, E = m. This means that no effects are anticipated with the Majorana neutrino such as those that the Dirac neutrino has at the two-media interface and which are discussed above. So that, in particular, there is no Majorana neutrino trapping and reflection by matter. It should be noted that the Majorana neutrino spectrum in matter was discussed previously in [16] [17] [18] 
Flavour neutrino energy difference in matter
In the conclusion to this section, we should like to note that the obtained spectra for the flavor neutrinos of different chiralities in the presence of matter accounts properly for the effect of resonance amplification of neutrino flavor and spin oscillations. In order to show that, we expand the expression for the relativistic electron and muon neutrino energy, (11) for Dirac case or (19) for Majorana case, over the large p E s=−1 νe,νµ ≈ E 0 + 2α νe,νµ m νe,νµ ,
where m νe and m νµ are electron and muon neutrino masses. Then the energy difference for the two active flavour neutrinos will be
Analogously, considering the spin-flavour oscillations ν e L ⇄ ν µ R , for the corresponding energy difference we find:
These equations enable one to get the expressions for the neutrino flavour and spin-flavour oscillation probabilities and their resonance dependances on the matter density in complete agreement with the results of [1] [2] [3] .
Neutrino spin light in matter
The neutrino spin light phenomenon arises in the matter-induced quantum transitions between the two neutrino states with different helicities due to the neutrino magnetic moment interactions with photons. In this section, we give the quantum theory of the effect that is based on an approach similar to the Furry representation in the quantum electrodynamics, which is widely used for description of the electromagnetic interactions in the presence of external electromagnetic fields. Within this approach, the Feynman diagram of the process under consideration is given by the Fig.2 , with the neutrino initial ψ i and final ψ f states, described by "broad lines", that account for the neutrino interaction with matter. The corresponding amplitude is given by
where µ is the neutrino magnetic moment, k µ = (ω, k) and e * are the photon momentum and polarization vectors, κ κ κ = k/ω is the unit vector pointing in the direction of the emitted photon propagation. Integration over the time and spatial coordinates gives The unprimed and primed symbols refer to initial and final states, respectively. Owing to the presence of δ-functions in the right-hand side of the equation (24) we have the energy-momentum conservation law for the process
from which it follows that a photon is radiated only when neutrino initial and final states are characterized by s i = −1 and s f = +1, respectively. For the emitted photon energy we then obtain:
where θ is the angle between κ κ κ and the direction of the initial neutrino propagation. Our next step is to calculate the spin light transition rate and total radiation power, which following equations (24) and (26) are expressed as
where we have denoted
4 Summary
In conclusion, we would like to note the following: 1) Propagation of the Dirac and Majorana neutrinos through the moving and polarized matter can be described by the modified Dirac equations, given by (5) for Dirac and by (18) for Majorana particles.
2) In the Dirac case, the effects of neutrino reflection and trapping, as well as neutrinoantineutrino annihilation and pair creation can occur at the interface between the two media of different densities.
3) While moving in matter, the Dirac neutrino emits SLν radiation due to its nonzero magnetic moment; this effect originates from the induced by matter quantum transitions between the two neutrino states with different helicities.
4) Majorana neutrinos do not radiate SLν because the magnetic moment of this particle is zero; however, the SLν in matter can be produced in the case of two Majorana neutrinos of different flavour if the transition magnetic moment is nonzero.
5) The SLν radiation exhibits a crucial dependance on the matter density; for high densities, the SLν rate and radiation power are determined by the background matter density only, in this case the SLν has almost total right-circular polarization (for positive value of the matter density parameter α).
6) The matter effects on neutrinos under consideration may have important consequences in astrophysics and cosmology.
7) The presented in this paper method can be expanded for description of the electron in matter; on this stage we predict the analogous to SLν phenomenon of "spin light of electron" and develop the quantum theory of this effect [22] .
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